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OPTIMIZED REFERENCE VOLTAGE GENERATION USING SWITCHED 
CAPACITOR SCALING FOR DATA CONVERTERS 

Related Application 

This application is related to: 
5 United States patent application serial number 10/631,450, entitled "Space 

Efficient Low Power Cyclic A/D Converter" filed July 30, 2003, and assigned to the 
assignee hereof. 

TECHNICAL FIELD OF INVENTION 

[0001] The present invention generally relates to semiconductor circuits, and more 
10 particularly relates to data conversion. 

BACKGROUND OF INVENTION 

[0002] Digital signal processing has been proven to be very efficient in handling and 
manipulating large quantities of data. There are many products that are in common use 

15 such as wireless devices, digital cameras, motor controllers, automobiles, and toys, to 
name a few, that rely on digital signal processing to operate. Many of these products 
continuously receive information that is monitored and used to produce adjustments to the 
system thereby maintaining optimum performance. The data is often an analog signal that 
must be converted to a representative digital signal. For example, light intensity, 

20 temperature, revolutions per minute, air pressure, and power are but a few parameters that 
are often measured. Typically, an analog to digital (A/D) converter is the component used 
to convert an analog signal to a digital signal. In general, the conversion process 
comprises periodically sampling the analog signal and converting each sampled signal to a 
corresponding digital signal. 

25 [0003] Many applications require the analog to digital converter(s) to sample at high data 
rates, operate at low power, and provide high resolution. These requirements are often 
contradictory to one another. Furthermore, cost is an important factor that directly 
correlates to the amount of semiconductor area needed to implement a design. One type 
of analog to digital converter that has been used extensively is a redundant signed digit 

30 (RSD) analog to digital converter. The RSD analog to digital converter typically 
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comprises one or more RSD stages and a sample/hold circuit. In one embodiment, a 
sampled voltage is compared against a high reference voltage and a low reference voltage. 
The result of the comparison is used to determine a bit (1 or 0) from the RSD stage. A 
residue voltage is then generated that relates to the sampled voltage less the voltage value 
5 of the extracted bit. The residue voltage is then provided to another RSD stage or fed back 
in a loop to continue the conversion process to extract bits until the least significant bit is 
generated. 

[0004] In most applications, the analog signal that is to be converted is a single ended 
signal and can have values ranging from ground to the supply voltage. The A/D converter 

10 RSD circuitry in turn uses differential signaling to provide noise isolation, increase 
dynamic range, reduce errors due to charge injection and improve power supply noise 
rejection. The differential signaling must be in the operational range of the A/D converter 
sub functions which is less than the supply voltage and more than ground potential. The 
purpose of the sample and hold function is to convert the full range analog input signal 

15 into a scaled differential signal during the sampling process. For the A/D converter RSD 
circuitry to perform a conversion on the scaled input signal, it must use a voltage reference 
that has been scaled appropriately. Circuits that are used to scale a reference voltage 
typically use a resistor ladder. The reference voltage is buffered and then filtered using 
bypass capacitors for noise considerations. Such circuits introduce a number of problems 

20 that result in a mis-match in scaling between the reference generator and the interface 
function. This mis-match, between the two scaling functions results in either an A/D 
converter transfer gain error, transfer offset error or both. Additionally, the scaled output 
voltages require large capacitors that are typically required to be implemented external to 
an integrated circuit chip due to their required size. Therefore, additional integrated circuit 

25 pin count must be dedicated to implement the scaling function. As a result, the generation 
of scaled reference voltages for use in an RSD data converter introduces error, requires 
additional circuitry and package support pins. 



2 



SC13166TC 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0005] The present invention will hereinafter be described in conjunction with the 
following drawing figures, wherein like numerals denote like elements, and 

5 [0006] FIG. 1 is a block diagram of a prior art redundant signed digit (RSD) cyclical 
analog to digital converter; 

[0007] FIG. 2 is a schematic diagram of a prior art sample/hold circuit; 

[0008] FIG. 3 is a block diagram of a redundant signed digit (RSD) stage; 

[0009] FIG. 4 is a partial schematic diagram of a prior art voltage scaling circuit; 

10 [0010] FIG. 5 is a block diagram of a two stage redundant (RSD) cyclical analog to 
digital converter in accordance with the present invention; 

[0011] FIG. 6 is a timing diagram for the two stage redundant (RSD) cyclical analog to 
digital converter of FIG. 5; 

[0012] FIG. 7 is a block that is configurable to both a sample/hold circuit and a RSD 
15 stage in accordance with the present invention; 

[0013] FIG. 8 is a schematic diagram of a configurable block in accordance with the 
present invention; 

[0014] FIG. 9 is a timing diagram for illustrating an operation of the configurable block 
of FIG. 8; 

20 [0015] FIG. 10 is a partial schematic of one form of a circuit for use in an RSD data 
converter that directly uses an external reference voltage; 

[0016] FIG. 11 is a partial schematic of another form of a circuit for use in an RSD data 
converter that directly uses an external reference voltage; 

[0017] FIG. 12 is a partial schematic of the circuit of FIG. 10 having a user 
25 programmable scaling factor; and 
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[0018] FIG, 13 is a partial schematic of the circuit of FIG. 11 having a user 
programmable scaling factor. 

DETAILED DESCRIPTION OF THE INVENTION 

5 [0019] The following detailed description is merely exemplary in nature and is not 
intended to limit the invention or the application and uses of the invention. Furthermore, 
there is no intention to be bound by any expressed or implied theory presented in the 
preceding technical field, background, brief summary or the following detailed 
description. 

10 [0020] FIG. 1 is a block diagram of a prior art redundant signed digit (RSD) cyclical 
analog to digital converter 10 having two RSD stages. In general, RSD cyclical analog to 
digital converter 10 is a clocked system that samples an analog voltage and generates an 
N-bit digital word representing the sampled analog voltage, where N is an integer. The 
number of bits (N) of the digital word corresponds to the resolution of the conversion 

15 process and is chosen based on the application requirements. Typically, the complexity, 
size, and power of the converter increase with speed of conversion and resolution. 

[0021] While FIG. 1 illustrates an RSD cyclical analog to digital converter having two 
RSD stages, it should be apparent that the novel switched capacitor networks and 
amplifiers described herein may be implemented in various types of A/D converters. For 
20 example, any type of algorithmic converter from a single stage cyclic to an N-stage 
pipelined A/D converter may be used in connection with the novel switched capacitor 
networks and amplifiers described herein. 

[0022] RSD cyclical analog to digital converter 10 is suitable for many different types of 
applications and is widely used. RSD cyclical analog to digital converter 10 comprises 

25 sample/hold circuit 11 and a cyclic analog to digital converter section 15. Sample/hold 
circuit 11 has an input and a differential output. Sample/hold circuit 11 often performs 
many tasks. In one embodiment, sample/hold circuit 11 samples a single-ended analog 
voltage applied to the input and converts and scales the single-ended analog voltage to a 
differential voltage. When sampling a signal that can swing from the supply voltage to 

30 ground scaling is required to reduce the sampled analog voltage to a scaled valued that can 
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be handled by cyclic analog to digital converter section 15. Converting to the differential 
voltage provides increased noise immunity for the rest of the conversion process. 

[0023] Cyclic analog to digital converter section 15 comprises a multiplexer 12, a 
redundant signed digit (RSD) stage 13, and a redundant signed digit (RSD) stage 14. The 
5 multiplexer 12 has a first differential input coupled to the differential output of 
sample/hold circuit 11, a second differential input, and a differential output. RSD stage 13 
has a differential input coupled to the differential output of multiplexer 12, a bit output, 
and differential output. RSD stage 14 has a differential input coupled to the differential 
output of RSD stage 13, a bit output, and a differential output coupled to the second 
10 differential input of multiplexer 12. 

[0024] Operation of RSD cyclical analog to digital converter 10 begins with the input 
signal being sampled, scaled and converted to a differential signal by sample/hold circuit 
11. Sample/hold circuit 11 provides the differential signal to cyclic analog to digital 
converter section 15. Multiplexer 12 couples the differential signal to RSD stage 13 where 
15 a first bit is extracted from the differential signal and provided at the bit output of RSD 
stage 13. The first bit (1 or 0) of the digital word representing the sampled input signal is 
stored. In an embodiment of RSD cyclical analog to digital converter 10, RSD stage 13 
extracts a bit during 01 of a clock cycle. 

[0025] During § 2 of a clock cycle, a residue is calculated by RSD stage 13 and provided to 
20 RSD stage 14 where a second bit (1 or 0) is extracted from the residue and provided at the 
bit output of RSD stage 14. The second bit of the digital word representing the sampled 
input signal is stored. The differential signal provided by sample/hold circuit 1 1 is not 
needed after RSD stage 13 has received and processed the information. Multiplexer 12 is 
switched at an appropriate time such that the differential output of RSD stage 14 is 
25 coupled through multiplexer 12 to the differential input of RSD stage 13. 

[0026] Cyclic analog to digital converter section 15 is now coupled in a cyclic mode 
where RSD stages 13 and 14 extract and provide a bit respectively during ty\ and fa of 
each clock cycle. For example, continuing with the example above, RSD stage 14 
calculates a residue during (J)i of the next clock cycle and provides the residue to RSD 
30 stage 13 where a third bit is extracted and provided at the bit output of RSD stage 13. The 
third bit is stored. The process continues during (J) 2 of the clock cycle where the fourth bit 
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is extracted until the N bits of resolution of RSD cyclical analog to digital converter 10 
have been generated corresponding to the initial sampled voltage wherein the input signal 
is sampled again to start another conversion process. Thus, a redundant signed digit 
cyclical analog to digital converter provides a nice compromise between power 
5 consumption, speed at which the conversion takes place, resolution, and chip area. 

[0027] FIG. 2 is a schematic diagram of a prior art sample/hold circuit 20 that is capable 
of sampling a single-ended analog voltage, scaling the sampled voltage, and converting to 
the sampled single-ended analog voltage to a differential voltage. Sample/hold circuit 20 
has an input 21, an input 22, an output 23, and an output 24. Sample/hold circuit 20 

10 comprises a differential amplifier 25, capacitors 26-29, and switches 30-38. Switches 30- 
38 of sample/hold circuit 20 are primarily controlled by a clock signal. The phase of the 
clock signal indicating a closed switch is located by switches 30-38. Switches 30-38 are 
open during an opposite clock phase (not shown by each switch). The clock phase (j>2 
corresponds to a first half clock cycle and the clock phase (|)i corresponds to a second half 

15 clock cycle. 

[0028] Sample/hold circuit 20 is configured to sample the input signal applied to input 21 
during (j) 2 of the clock cycle. Switches 30-35 are closed during <j) 2 of the clock cycle. 
Switch 30 has a first terminal coupled to input 21 and a second terminal. Capacitor 26 has 
a first terminal coupled to the second terminal of switch 30 and a second terminal. Switch 

20 32 has a first terminal coupled to the second terminal of capacitor 26 and a second 
terminal coupled for receiving a reference voltage VCM. Switch 31 has a first terminal 
coupled to input 22 and a second terminal. Capacitor 27 has a first terminal coupled to the 
second terminal of switch 31 and a second terminal. Switch 33 has a first terminal 
coupled to the second terminal of capacitor 27 and a second coupled for receiving a 

25 reference voltage VCM. Switch 34 has a first terminal coupled to a negative input of 
differential amplifier 25 and a second terminal coupled to the positive output of 
differential amplifier 25. Switch 35 has a first terminal coupled to a positive input of 
differential amplifier 25 and a second terminal coupled to the negative output of 
differential amplifier 25. 

30 [0029] Capacitor 26 stores a difference voltage between the input signal applied to input 

21 and the reference voltage VCM. Similarly, capacitor 27 stores a difference voltage 

between a reference voltage V re f/2 and the reference voltage VCM. The voltages stored on 
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capacitors 26 and 27 during §2 are used to scale and convert the single-ended signal analog 
signal applied to input 21 to a differential signal. 

[0030] Capacitors 26 and 27 are decoupled respectively from input 21 and input 22 when 
the clock signal changes phase from 02 to Switches 30-35 are now open and switches 
5 36-38 are now closed. Switch 38 has a first terminal coupled to the first terminal of 
capacitor 26 and a second terminal coupled to the first terminal of capacitor 27. Switch 36 
has a first terminal coupled to the second terminal of capacitor 26 and a second terminal 
coupled to the negative input of differential amplifier 25. Switch 37 has a first terminal 
coupled to the second terminal of capacitor 26 and a second terminal coupled to the 

10 positive input of differential amplifier 25. Capacitors 26 and 27 are placed in series 
between the positive and negative inputs of differential amplifier 25. Capacitor 28 has a 
first terminal coupled to the negative input of differential amplifier 25 and a second 
terminal coupled to the positive output of differential amplifier 25. Capacitor 29 has a 
first terminal coupled to the positive input of differential amplifier 25 and a second 

15 terminal coupled to the negative output of differential amplifier 25. 

[0031] Differential amplifier 25 scales and produces a differential signal corresponding to 
the single-ended analog signal that was sampled during of the clock cycle. Differential 
amplifier 25 scales corresponding to a ratio of capacitors 26 and 28 and capacitors 27 and 
29 during ty\ of the clock cycle. The voltage being amplified is the net voltage across 
20 series connected capacitors 26 and 27. The differential voltage output is provided at 
outputs 23 and 24. 

[0032] FIG. 3 is a block diagram of a redundant signed digit (RSD) stage 40. RSD stage 
40 includes a 1.5 bit flash quantizer 41, digital logic 42, and a 1.5 bit multiplying digital to 
analog converter (MDAC) 43. RSD stage 40 has an input 44, a bit output 45, and a 

25 residue output 46. RSD stage 40 produces a logic bit (1 or 0) depending on the magnitude 
of an input signal and calculates a residue. The residue is the remainder of the input signal 
less the value of the logic bit produced by RSD stage 40. The residue is typically the input 
signal to the next RSD stage. In general, the residue is amplified by a factor of two to 
allow 1.5 bit flash quantizer 41 to be the same for each RSD stage used. The creation of 

30 the digital word corresponding to a sampled voltage is generated by a RSD analog to 
digital converter by sequentially generating bits from the most significant bit (MSB) to the 
least significant bit (LSB). 
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[0033] RSD stage 40 is a 1.5 bit stage where 0.5 bit redundancy is used for digital 
correction to reduce comparator (offset) requirements. RSD stage 40 immediately 
generates an output bit upon receiving an input signal or residue. Digital logic 42 and L5 
bit flash quantizer 41 determines whether the magnitude of the input signal corresponds to 
5 a logic one or a logic zero. 1.5 bit flash quantizer 41 comprises a comparator 47 and a 
comparator 48. Comparator 47 has a positive input coupled to input 44, a negative input 
coupled to a reference voltage V h and an output. Comparator 47 outputs a logic one if the 
input signal applied to input 44 is greater than V h and outputs a logic zero if the input 
signal is less than V h . Comparator 48 has a positive input coupled to input 44, a negative 

10 input coupled to a reference voltage V L and an output. Comparator 48 outputs a logic one 
if the input signal applied to input 44 is greater than V L and outputs a logic zero if the 
input signal is less than V L . Digital logic 42 has a first input coupled to the output of 
comparator 47, a second input coupled to the output of comparator 48, a first output 
coupled to bit output 45, and a second output. Three possible outputs can be generated 

15 from comparators 47 and 48 to digital logic 42. Digital logic 42 immediately provides a 
logic value to bit output 45 corresponding to the input signal magnitude.- 

[0034] The 1.5 bit multiplying analog to digital converter (MDAC) 43 is the core of RSD 
stage 40. The 1.5 bit MDAC 43 calculates the analog residue signal that is typically used 
as the input signal of the next RSD stage. As mentioned previously, the residue is 
20 amplified (typically by a factor of 2) by 1.5 bit MDAC 43. The 1.5 bit MDAC 43 has an 
amplification stage 49 and a sum stage 50. Amplification stage 49 has an input coupled to 
input 44 and an output. Sum stage 50 has a first input coupled to the output of 
amplification stage 49 and a second input coupled to the second output of digital logic 42, 
and an output coupled to residue output 46. 

25 [0035] The speed at which RSD stage 40 operates, in part, is related to the performance of 
amplification stage 49. Typically, RSD stage 40 operates within a clock cycle whereby 
the bit value of the sampled input signal is provided at output bit 45 during a first phase of 
a clock cycle and the residue is calculated and provided at residue output 46 during a 
second phase of a clock cycle. The speed of operation is often limited by the settling time 

30 of the amplifier used in amplification stage 49. The output of amplification stage 49 must 
settle before a time period equal to a half clock cycle. Settling time is a function of slew 
rate and the gain bandwidth of the amplifier. In general, the amplifier used in 
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amplification stage 49 is a high quality amplifier design that takes up significant wafer 
area and often consumes a substantial amount of the integrated circuit total power 
dissipation. 

[0036] Sum stage 50 sums the signal received from amplification stage 49 and digital 
5 logic 42. Digital logic 42 provides one or a voltage +V r sca i e d, 0, or minus V r sca i e d to sum 
stage 50. The value provided by digital logic 42 is determined by the output from 
comparators 47 and 48. The accuracy of the conversion process is greatly impacted by the 
ability of 1.5 bit MDAC 43 to calculate the residue. 

[0037] In operation, the purpose of the 1.5 bit MDAC 43 is to double the incoming signal 
10 and perform one of three operations. The 1.5 bit MDAC 43 either subtracts a V R sca ied, 
adds a V R sca i e d or passes the double input signal, 2V in , on to a next RSD stage. The 1.5 bit 
flash quantizer 41 of FIG. 3 determines which operation is to be performed. If the 
incoming input 44 is below the V L switching voltage of the 1.5 bit flash quantizer 41, then 
Vr scaled is added to 2V IN before being passed to the next RSD stage. If the incoming input 
15 44 is between V L and V H of the 1.5 bit flash quantizer 41, then no addition or subtraction 
of V R sca ied takes place and 2Vi N is passed on to the next RSD stage. If the incoming signal 
is greater than V H , of the 1.5 bit flash quantizer 41, then V R sca i e d is subtracted from 2Vi N 
before being passed onto the next RSD stage. The term V R sca i e d is the reference voltage 
that has been scaled to match the full range of the input signal that has been scaled by the 
20 sample and hold circuit 11 of FIG. 1. Typically a circuit that is implemented external to 
an integrated circuit containing an RSD A/D converter because large capacitors are 
required and are not efficiently implemented on the integrated circuit. 

[0038] Illustrated in FIG. 4 is a conventional scaling circuit 63. A high reference voltage, 
Vref High, is scaled relative to a low reference voltage, Vref Low. A plurality of series- 

25 connected resistors 64 and 51-53, each having a resistance R, is connected in series. A 
first terminal of resistor 64 is connected to Vref High, and a second terminal of resistor 64 
is connected to both a positive or non-inverting input of a differential amplifier 54 and to a 
first terminal of resistor 51. A second terminal of resistor 51 is connected to both a 
positive or non-inverting input of a differential amplifier 55 and to a first terminal of a 

30 resistor 52. A second terminal of resistor 52 is connected to both a positive or non- 
inverting input of a differential amplifier 56 and to a first terminal of resistor 53. A 
second terminal of resistor 53 is connected to the Vref Low reference voltage. An output 
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of differential amplifier 54 provides the scaled reference voltage V R sca ied and is connected 
to a negative or inverting input thereof and to a first electrode of a capacitor 57. A second 
electrode of capacitor 57 is connected to an analog ground reference voltage, V A g- An 
output of differential amplifier 55 provides an intermediate scaled reference voltage V Re f 
5 Mid and is connected to a negative or inverting input thereof and to a first electrode of a 
capacitor 58. A second electrode of capacitor 58 is connected to an analog ground 
reference voltage, V A g- An output of differential amplifier 56 provides a scaled negative 
reference voltage -V R sca ied and is connected to a negative or inverting input thereof and to 
a first electrode of a capacitor 59. A second electrode of capacitor 59 is connected to an 
10 analog ground reference voltage, V A g- 

[0039] In operation, scaling circuit 63 uses resistors for scaling the reference voltage 
followed by buffer amplifiers to drive one of the scaled reference voltages into the RSD 
stages, such as RSD stage 40 of FIG. 3. Scaling circuit 63 consumes a significant amount 
of power and circuit die area while introducing a source of gain and offset error into the 
15 overall performance of the A/D converter. As will be explained below, as a significant 
improvement the scaled voltage is generated without the use of a separate scaling circuit to 
improve power, reduce circuit area and improve accuracy of the A/D converter. 

[0040] FIG. 5 is a block diagram of a two stage redundant signed digit (RSD) cyclical 
analog to digital converter 60 in accordance with the present invention. RSD cyclical 

20 analog to digital converter 60 has a block 61 and a RSD stage 62. Block 61 has a 
differential input, an input coupled for receiving an analog input signal, a control input for 
receiving a Off signal, a clock input coupled for receiving an analog to digital converter 
(ADC) clock signal, a bit output, and a differential output. RSD stage 62 has a differential 
input coupled to the differential output of block 61, a clock input coupled for receiving the 

25 ADC clock signal, a bit output, and a differential output coupled to the differential input of 
block 61. 

[0041] RSD cyclical analog to digital converter 60 reduces both power and area when 
compared to a standard RSD analog to digital converter. In particular, RSD cyclical 
analog to digital converter 60 combines the functions of the sample/hold circuit and the 
30 second RSD stage into a block 61. The sample/hold circuit is used only once per 
conversion cycle yet takes up almost a third of the space and power of a RSD analog to 
digital converter. RSD cyclical analog to digital converter 60 takes advantage of the fact 
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that the logic bit value and the residue are generated during different phases of the clock 
signal. RSD stage 62 is used to generate the first logic value or the most significant bit 
(MSB). Thus, block 61 is configured as a sample/hold circuit to provide RSD stage 62 
with a sampled signal thereby generating the first logic value. Block 61 is then 
5 reconfigured as a second RSD stage as RSD stage 62 calculates a residue. It should be 
noted that at least one component in block 61 is shared between the sample/hold circuit 
and RSD stage configurations of block 61. The timing of this configuration- 
reconfiguration process will be described in more detail below. 

[0042] In general, block 61 is configured to a sample/hold circuit when enabled by the 0 ff 
10 signal. The sample/hold circuit, samples, scales, and converts a sampled single-ended 
analog signal to a differential signal. The differential output of block 61 provides the 
differential signal to RSD stage 62 for determining a first logic bit value (most significant 
bit) that is provided at the bit output of RSD stage 62. 

[0043] FIG. 6 is a timing diagram 70 for the two stage redundant (RSD) cyclical analog to 
15 digital converter of FIG. 5. Timing diagram 70 is a conversion process that generates a 12 
bit digital word corresponding to a sampled analog signal. The resolution of the 
conversion is a function of the number of clock cycles used. The analog to digital 
converter (ADC) clock signal is shown having a phase 9j and a phase 0 2 . Referring to 
FIG. 5, the 9i on RSD stage 62 indicates that a logic bit value is provided at the bit output 
20 of RSD stage 62 on the phase 0i of the clock signal. Similarly, the 9 2 on block 61 
indicates that a logic bit value is provided at the bit output of block 61 on the phase 9 2 of 
the clock signal. 

[0044] Referring back to FIG. 6, the 9 f f signal transitioning to a high logic state begins a 
conversion process. In one embodiment, the 9ff signal is in the high logic state for a full 

25 ADC clock signal. The 9 ff signal configures block 61 to a sample/hold circuit. The 
sample/hold circuit samples the analog input signal during the first half (9 2 ) of the 9ff 
signal. In an embodiment of the sample/hold circuit, the sampled single-ended analog 
voltage is scaled and converted to a differential signal during the second half (90 of the 0 ff 
signal. The differential signal is immediately provided from block 61 (FIG. 5) to RSD 

30 stage 62 (FIG. 5) where the first logic value (bit 1) is generated and output on the bit 
output of RSD stage 62 (FIG. 5). As shown, this occurs during 9i while the 9 ff signal is in 
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a high logic state. In general, a logic bit value is generated each half clock of the ADC 
clock signal. 

[0045] The 0 ff signal transitions to a low logic state during the phase 0 2 of the next ADC 
clock signal. Block 61 is configured from the sample/hold circuit to a RSD stage. Block 
5 61 stays as the RSD stage during the conversion process. RSD stage 62 (FIG. 5) 
calculates a residue and provides the residue to the newly reconfigured RSD stage of block 
61. The RSD stage of block 61 (FIG. 5) immediately outputs the second logic value (bit 
2) on the bit output of block 61 (FIG. 4). The RSD stage of block 61 (FIG. 5) then 
calculates a residue during the next phase Gi of ADC clock signal. The residue from the 
10 RSD stage of block 61 is provided to RSD stage 62 (FIG. 5) where a third logic value is 
generated and output. Thus, the generation of a logic value and calculating a residue 
occurs back and forth between RSD stage 62 (FIG. 5) and the RSD stage of block 61. 

[0046] As mentioned previously, the timing diagram illustrates a 12 bit conversion. The 
0f f signal transitions from the low logic state to a high logic state after the eleventh logic 

15 value (bit 1 1) is generated. The 9 ff signal transitions to the high logic state during a phase 
0 2 of the ADC clock signal. Block 61 (FIG. 5) is reconfigured from the RSD stage to the 
sample/hold circuit when the 0ff signal transitions to the high logic state. On going with 
the reconfiguration of block 61 (FIG. 5), is the calculation of the residue by RSD stage 62 
(FIG. 5). The residue from RSD stage 62 is provided to block 61 (FIG. 5) where the 

20 twelfth logic value (bit 12) is generated and provided at the bit output of block 61. The 
reason why the logic value can be generated by block 61 (FIG. 5) while it is being 
configured as a sample/hold circuit is that the circuitry pertaining to determine the logic 
value is unaffected by the configuration change. In one embodiment, most of the change 
occurs in the circuitry involved with the calculation of the residue which is not needed 

25 after the least significant bit is generated. 

[0047] FIG. 7 is a block 80 that is configurable to both a sample/hold circuit and a 
redundant signed digit (RSD) stage in accordance with the present invention. Block 80 is 
one embodiment of block 61 of FIG. 5. In particular, block 80 switchably couples an 
amplifier 81 for use with the sample/hold circuit and the RSD stage. In this embodiment, 
30 no other circuitry is shared other than amplifier 81 for the two different circuit 
configurations. In general, a sample/hold circuit and a RSD stage both require a high 
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performance amplifier. An amplifier takes up a substantial amount of chip area and is a 
significant source of power dissipation. Sharing an amplifier for both the sample/hold 
circuit and the RSD stage produces a large area and power savings for an analog to digital 
converter. For example, it is possible to reduce the size and power dissipation of a two 
5 stage RSD cyclical analog to digital converter by approximately 33% using shared 
components. 

[0048] Block 80 includes amplifier 81, sample/hold circuitry 82, RSD stage circuitry 83, 
and switches 84-91. Block 80 has a clock input for receiving a clock signal, an analog 
input for receiving an analog signal, a bit output, a differential output, a control input Off 

10 (not shown), and a control input Gfb (not shown). In an embodiment of block 80, 
sample/hold circuitry 82 comprises components such as switches and capacitors that are 
commonly used around a high performance amplifier to sample a single-ended analog 
signal, scale, and convert to a differential signal. Similarly, RSD stage circuitry 83 
comprises components such as switches, capacitors, and digital logic that when placed 

15 around amplifier 81 produce a logic value corresponding to a sampled input signal and 
calculates a residue. 

[0049] Sample/hold circuitry 82 has a first input coupled to the analog input, a second 
input coupled to the clock input, a first terminal, a second terminal, a third terminal, and a 
fourth terminal. Switch 84 has a first terminal coupled to the first terminal of sample/hold 

20 circuitry 82 and a second terminal coupled to a negative input of amplifier 81. Switch 85 
has a first terminal coupled to the second terminal of sample/hold circuitry 82 and a 
second terminal coupled to a positive input of amplifier 81. Switches 84 and 85 couple 
sample/hold circuitry 82 to the differential inputs of amplifier 81. Switch 86 has a first 
terminal coupled to the third terminal of sample/hold circuitry 82 and a second terminal 

25 coupled to a positive output of amplifier 81. Switch 87 has a first terminal coupled to the 
fourth terminal of sample/hold circuit 82 and a second terminal coupled to a negative 
output of amplifier 81. Switches 86 and 87 couple sample/hold circuitry 82 to the 
differential outputs of amplifier 81. 

[0050] Switches 84-87 are enabled by a 0 ff control signal applied to the 9 ff control input of 
30 block 80. The 0 f f control signal couples the sample/hold circuitry to amplifier 81. In an 
embodiment of block 80, the 0f f control signal is enabled for a clock cycle of a clock 
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signal applied to the clock input. A Ofb signal is in a logic state that disables switches 88- 
91. A sample of the analog signal applied to the analog input is taken during a first phase 
of the clock cycle when switches 84-87 are enabled. A scaled differential signal 
corresponding to the sampled analog signal is provided at the differential output of block 
5 80 during the second phase of the clock cycle when switches 84-87 are enabled. 

[0051] RSD stage circuitry 83 has an input coupled to the clock input, a differential input 
coupled to the differential input of block 80, a first terminal, a second terminal, a third 
terminal, a fourth terminal, and a bit output. Switch 88 has a first terminal coupled to the 
first terminal of RSD stage circuitry 83 and a second terminal coupled to the negative 

10 input of amplifier 81. Switch 89 has a first terminal coupled to the second terminal of 
RSD stage circuitry 83 and a second terminal coupled to the positive input of amplifier 81. 
Switches 88 and 89 coupled RSD stage circuitry 83 to the differential inputs of amplifier 
81. Switch 90 has a first terminal coupled to the third terminal of RSD stage circuitry 83 
and a second terminal coupled to the positive output of amplifier 81. Switch 91 has a first 

15 terminal coupled to the fourth terminal of RSD stage circuitry 83 and a second terminal 
coupled to the negative output of amplifier 81. Switches 90 and 91 couple RSD stage 
circuitry 83 to the differential outputs of amplifier 81. 

[0052] Switches 88-91 are enabled by a 0fb control signal applied to the 0fb control input 
of block 80. The Ofb control signal couples the RSD stage circuitry 83 to amplifier 81. In 

20 an embodiment of block 80, the 0fb control signal is typically enabled for multiple clock 
cycles or until the analog to digital conversion process is completed. The Off signal is in a 
logic state that disables switches 84-87 and Ofb signals are typically enabled at this time. In 
an embodiment of block 80, a logic value is generated during a phase of the clock cycle 
when a differential signal is applied to the differential input of block 80 and the Ofb signal 

25 enables switches 88-91. A residue is calculated and provided at the differential output of 
block 80 during a next phase of the clock cycle, and switches 88-91 are enabled. 

[0053] FIG. 8 is a schematic diagram of a configurable block 100 in accordance with the 
present invention. Configurable block 100 is configurable as a sample/hold circuit and a 
1.5 bit multiplying digital-to-analog converter (MDAC). Typically, the MDAC takes up 
30 the majority of the silicon area of a redundant signed digit stage. Configurable block 100 
is related to block 61 of FIG. 5 except that some components of a redundant signed digit 
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stage, for example a flash quantizer and some digital logic are not shown to simplify the 
illustration since it is not among the shared circuitry of the two different circuit 
configurations (sample/hold circuit and 1.5 bit MDAC). In this embodiment, configurable 
block 100, unlike block 80 of FIG. 7, reuses more than the amplifier. Configurable block 
5 100 shares other elements such as capacitors which take up a significant area in both the 
sample/hold circuit and the 1.5 bit MDAC thereby further increasing the area efficiency. 
Configurable block 100 has a first input coupled for receiving a V an aiog signal, a second 
input for receiving a V re f p signal, a third input for receiving a V re f m signal, a fourth input 
for receiving a Vi np signal, a fifth input for receiving a V inm signal, a sixth input for 

10 receiving a VCM voltage, and a differential output. Configurable block 100 comprises an 
amplifier 101, capacitors 102-107, and switches 108-134. Switches 108-111 are enabled 
(closed) during a phase 0! of a RSD stage2 clock signal. Switches 112-117 are enabled 
(closed) during the phase 0i of the RSD stage2 clock signal or by a sample signal. 
Switches 118-121 are enabled (closed) during a phase 0 2 of the RSD stage2 clock signal. 

15 Switches 122-129 are enabled (closed) during the phase 0 2 of the RSD stage2 clock signal 
or by a scale signal. Switch 130 is enabled (closed) when both a signal M9 2 (is in an 
enable logic state) and the RSD stage2 clock signal is in the phase 0 2 . Switches 131-134 
are enabled (closed) by the sample signal. The enabling signal is indicated in FIG. 8 by 
each of the switches 108-134. 

[0054] Configurable block 100 is configured to sample when switches 112-117 and 
switches 131-134 are enabled. Switch 131 has a first terminal coupled to the first input 
(V Re f/ 2 signal) of configurable block 100 and a second terminal. A capacitor 103 has a first 
terminal coupled to the second terminal of switch 131 and a second terminal. A switch 
112 has a first terminal coupled to the second terminal of capacitor 103 and a second 
terminal coupled to the sixth input (VCM voltage) of configurable block 100. A capacitor 
102 has a first terminal coupled to the first terminal of switch 112 and a second terminal. 
A switch 134 has a first terminal coupled to the second terminal of capacitor 102 and a 
second terminal coupled to the sixth input (VCM voltage) of configurable block 100. 

[0055] Switch 132 has a first terminal coupled to the first input (V an aiog signal) of 
30 configurable block 100 and a second terminal. A capacitor 104 has a first terminal 
coupled to the second terminal of switch 132 and a second terminal. A switch 113 has a 
first terminal coupled to the second terminal of capacitor 104 and a second terminal 
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coupled to the sixth input (VCM voltage) of configurable block 100. A capacitor 105 has 
a first terminal coupled to the first terminal of switch 1 13 and a second terminal. A switch 
133 has a first terminal coupled to the second terminal of capacitor 105 and a second 
terminal coupled to the sixth input (VCM voltage) of configurable block 100. 

5 [0056] Switch 114 has a first terminal coupled to a negative input of amplifier 101 and a 
second terminal. Capacitor 106 has a first terminal coupled to the second terminal of 
switch 114 and a second terminal. Switch 115 has a first terminal coupled to the second 
terminal of capacitor 106 and a second terminal coupled to the output a positive input of 
amplifier 101. Switch 1 16 has a first terminal coupled to a positive input of amplifier 101 
10 and a second terminal. Capacitor 107 has a first terminal coupled to the second terminal 
of switch 1 16 and a second terminal. Switch 1 17 has a first terminal coupled to the second 
terminal of capacitor 107 and a second terminal coupled to a negative output of amplifier 
101. 

[0057] Configurable block 100 is configured to scale and provide a differential voltage 
15 corresponding to a sampled analog signal when switches 122-129 are enabled. Switch 122 
has a first terminal coupled to the negative input of amplifier 101 and a second terminal 
coupled to the first terminal of switch 112. Switch 124 has a first terminal coupled to the 
first terminal of switch 134 and a second terminal coupled to the positive output of 
amplifier 101. Switch 125 has a first terminal coupled to the first terminal of capacitor 
20 106 and a second terminal coupled to the sixth input (VCM voltage) of configurable block 
100. Switch 126 has a first terminal coupled to the second terminal of capacitor 106 and a 
second terminal coupled to the sixth input (VCM voltage) of configurable block 100. 

[0058] Switch 123 has a first terminal coupled to the positive input of amplifier 101 and a 
second terminal coupled to the first terminal of switch 113. Switch 127 has a first terminal 

25 coupled to the second terminal of capacitor 105 and a second terminal coupled to the 
negative output of amplifier 101. Switch 128 has a first terminal coupled to the first 
terminal of capacitor 107 and a second terminal coupled to the sixth input (VCM voltage) 
of configurable block 100. Switch 129 has a first terminal coupled to the second terminal 
of capacitor 107 and a second terminal coupled to the sixth input (VCM voltage) of 

30 configurable block 100. 
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[0059] After sampling, scaling, and converting an input analog signal to a differential 
signal, configurable block 100 is configured as a 1.5 bit MDAC and works in conjunction 
with other circuitry to form a redundant signed bit (RSD) stage of an analog to digital 
(A/D) converter that participates in an analog to digital conversion. In an embodiment of 
5 configurable block 100, the RSD stage is a second RSD stage of a two stage RSD analog 
to digital converter. In general, configurable block 100 as the second RSD stage generates 
a logic bit value corresponding to the magnitude of a differential input signal during a 
phase 0i of the RSD stage2 clock signal. The second RSD stage then generates a residue 
during a phase 0 2 of the RSD stage2 clock signal. 

[0060] Switches 108-117 are enabled when configurable block 100 is configured as a 1.5 
bit MDAC and a logic bit value is being generated. Switch 108 has a first terminal 
coupled to the fourth input (V inp signal) of configurable block 100 and a second terminal 
coupled to the second terminal of capacitor 102. Switch 109 has a first terminal coupled 
to the fourth input (V inp signal) of configurable block 100 and a second terminal coupled 
to the first terminal of capacitor 103. Switch 112 has the first terminal coupled to the first 
terminal of capacitor 102 and the second terminal coupled to the sixth input (VCM 
voltage) of configurable block 100. Switch 114 has the first terminal coupled to a 
negative input of amplifier 101 and the second terminal coupled to the first terminal of 
capacitor 106. Switch 115 has the first terminal coupled to the second terminal of 
capacitor 106 and a second terminal coupled to the output a positive input of amplifier 
101. 

[0061] Switch 110 has a first terminal coupled to the fifth input (V inm signal) of 
configurable block 100 and a second terminal coupled to the first terminal of capacitor 
104. Switch 1 1 1 has a first terminal coupled to the fifth input (V inm signal) of configurable 
25 block 100 and a second terminal coupled to the second terminal of capacitor 105. Switch 
113 has the first terminal coupled to the second terminal of capacitor 104 and a second 
terminal coupled to the sixth input (VCM voltage) of configurable block 100. Switch 116 
has the first terminal coupled to a positive input of amplifier 101 and the second terminal 
coupled to the first terminal of capacitor 107. Switch 117 has the first terminal coupled to 
30 the second terminal of capacitor 107 and the second terminal coupled to the negative 
output of amplifier 101. 
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[0062] Switches 118-129 are enabled when configurable block 100 is configured as a 1.5 
bit MDAC and a residue is being generated. Switch 1 18 has a first terminal coupled to the 
second input (V re f P signal) of configurable block 100 and a second terminal coupled to the 
first terminal of capacitor 103. Switch 119 has a first terminal coupled to the third input 
5 (V refm signal) of configurable block 100 and a second terminal coupled to the first terminal 
of capacitor 103. Switch 122 has the first terminal coupled to the negative input of 
amplifier 101 and the second terminal coupled to the first terminal of switch 112. Switch 
124 has the first terminal coupled to the first terminal of switch 134 and the second 
terminal coupled to the positive output of amplifier 101. Switch 125 has the first terminal 
10 coupled to the first terminal of capacitor 106 and the second terminal coupled to the sixth 
input (VCM voltage) of configurable block 100. Switch 126 has the first terminal coupled 
to the second terminal of capacitor 106 and the second terminal coupled to the sixth input 
(VCM voltage) of configurable block 100. 

[0063] Switch 120 has a first terminal coupled to the third input (V re f m signal) of 
15 configurable block 100 and a second terminal coupled to the first terminal of capacitor 
104. Switch 121 has a first terminal coupled to the second input (V re f p signal) of 
configurable block 100 and a second terminal coupled to the first terminal of capacitor 
104. Switch 123 has the first terminal coupled to the positive input of amplifier 101 and 
the second terminal coupled to the first terminal of switch 113. Switch 127 has the first 
20 terminal coupled to the second terminal of capacitor 105 and the second terminal coupled 
to the negative output of amplifier 101. Switch 128 has the first terminal coupled to the 
first terminal of capacitor 107 and the second terminal coupled to the sixth input (VCM 
voltage) of configurable block 100. Switch 129 has the first terminal coupled to the 
second terminal of capacitor 107 and the second terminal coupled to the sixth input (VCM 
25 voltage) of configurable block 100. 

[0064] FIG. 9 is a timing diagram 140 for illustrating an operation of configurable block 
100 of FIG. 8. Timing diagram 140 simulates configurable block 100 (FIG. 7) as if it 
were part of two stage redundant signed digit (RSD) analog to digital converter such as 
that shown in FIG. 5. The clocking sequence of timing diagram 140 shows a typical 
30 conversion cycle where an analog signal is sampled followed by the generation of the 
logic bits that form a digital word corresponding to the sampled analog signal. The clock 
to RSD stage2 signal has a phase 0j that enables switches 108-117 and disables switches 
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118-130 and a phase 0 2 that enables switches 118-130 and disables switches 108-130 of 
configurable block 100 (FIG. 8). 

[0065] The conversion cycle begins with the sample signal transitioning from a low logic 
state to a high logic state. Referring back to FIG. 8, configurable block 100 is configured 
5 as a sample/hold circuit. The sample/hold circuit is in a sample mode. The sample signal 
enables switches 112-117 and 131-134. Configurable block 100 samples the V an aiog signal 
applied to the first input of configurable block 100. In particular, capacitors 103 and 104 
store a voltage that is the difference between the V ana iog signal voltage and the V Re f/2 signal 
voltage. The first and second terminals of capacitors 102 and 105 are coupled to the VCM 
10 voltage thus storing no voltage. Amplifier 101 is placed in a configuration where 
capacitor 106 is coupled between the negative input and the positive output of amplifier 
101. Also, capacitor 107 is coupled between the positive input and negative output of 
amplifier 101. 

[0066] Referring back to FIG. 9, the sample signal transitions from the high logic state to 

15 a low logic state removing configurable block 100 from the sample mode. The scale 
signal transitions from a low logic state to a high logic state. Referring back to FIG. 8, the 
scale signal enables switches 122-129. Configurable block 100 is still the sample/hold 
circuit but is in a scale mode. Capacitors 106 and 107 are decoupled from amplifier 101. 
The first and second terminals of capacitors 106 and 107 are coupled to the VCM voltage 

20 thus storing no voltage. Capacitor 102 is coupled between the negative input and the 
positive output of amplifier 101. Capacitor 105 is coupled between the positive input and 
the negative output of amplifier 101. Capacitors 102 and 105 have no voltage stored on 
them. Capacitor 103 and capacitor 104 are coupled in series. Capacitor 103 is coupled to 
the negative input of amplifier 101. Capacitor 104 is coupled to the positive input of 

25 amplifier 101. Amplifier 101 and capacitors 102-105 are in a configuration where the 
sampled V ana iog signal is scaled and converted to a differential signal provided at the 
differential output of configurable block 100. The differential signal generated while 
configurable block 100 is converted to the sample/hold circuit would be provided to a first 
RSD stage (not shown) for determining a first logic value using the example of 

30 configurable block 100 being part of the two stage RSD cyclical analog to digital 
converter. 
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[0067] Referring back to FIG. 9, the clock signal to a second RSD stage (not shown) is in 
a low logic state while configurable block 100 is configured as the sample/hold circuit. 
The scale signal transitions from the high logic state to a low logic state. The clock signal 
to the second RSD stage begins clocking, beginning with phase 9i followed by phase 0 2 
5 and repeating thereafter. The phase Q\ is a low logic state. Referring back to FIG. 8, 
configurable block 100 is configured as a 1.5 bit multiplying analog to digital converter 
(MDAC). The clock signal to the second RSD stage in phase 0, enables switches 108-1 17. 
Configurable block 100 implemented as a major part of the second RSD stage of the RSD 
cyclical to analog converter has time for the change from the sample/hold circuit to the 
10 second RSD stage (1.5 bit MDAC). The second RSD stage would first receive a residue 
from the first RSD stage from which a logic bit value would be determined by the second 
RSD stage during phase 0i of the clock signal to the second RSD stage. 

[0068] The second RSD stage generates a bit value upon receiving a residue voltage from 
the first RSD stage (not shown). The residue voltage (which is a differential voltage) is 

15 provided to the fourth (V inp signal) and fifth (V inm signal) inputs of configurable block 100 
during phase Gi. A difference voltage corresponding to the difference between the V inp 
signal and the VCM voltage is stored on both capacitors 102 and 103. A difference 
voltage corresponding to the difference between the V inm signal and the VCM voltage is 
stored on both capacitors 104 and 105. Optionally, configurable block 100 can be 

20 modified to add circuitry to cancel the offset voltage of amplifier 101. 

[0069] Configurable block 100 remains as the 1.5 bit MDAC as the clock signal to the 
second RSD stage transitions from phase 0i to phase 0 2 . Digital logic (not shown) of the 
second RSD stage generates the V re f p and V re f m signals coupled respectively to the second 
and third inputs of configurable block 100. A voltage V re f P , 0, or V refm is provided to 

25 configurable block 100 that corresponds to the magnitude of the residue provided by the 
first RSD stage which aids in the calculation of the residue from the 1.5 bit MDAC. 
Capacitors 106 and 107 are decoupled from amplifier 101. The first and second terminals 
of capacitor 106 and 107 are coupled to the voltage VCM thus storing no voltage. 
Capacitor 103 is coupled to receive a voltage V refp , 0, or V re f m . Similarly, capacitor 104 is 

30 coupled to receive a voltage V re f p , 0, or V re f m . Capacitor 102 is coupled between the 
negative input and positive output of amplifier 101. Capacitor 105 is coupled between the 
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positive input and the negative output of amplifier 101. Block 100 as the 1.5 bit MDAC is 
placed in a state that is ready to calculate a residue. 

[0070] Referring back to FIG. 9, the clock to the second RSD stage repeatedly transitions 
from a phase 0i to a phase 0 2 . In each phase 0i bit value is calculated by the second RSD 
stage and in phase 0 2 , configurable block 100 as the 1.5 bit multiplying analog to digital 
converter (MDAC) generates a residue that is provided back to the first RSD stage. The 
conversion cycles back and forth between the first and second RSD stages calculating a bit 
value each half clock cycle. The number of clock cycles of clock to the second RSD stage 
determines the resolution of the digital word generated corresponding to the sampled input 
analog voltage. A next sample/conversion cycle begins when the sample signal transitions 
from the low logic state to a high logic state and the clock signal to the second RSD stage 
is forced to a low logic state. 

[0071] Illustrated in FIG. 10 is a circuit 150 for RSD data converters that have optimized 
reference voltage generation. In the illustrated form an operational amplifier 152 is used 
15 with capacitors 154, 156 and 158 to scale an analog input voltage by a desired amount to 
provide an output voltage, V 0 . A switch 160 has a first terminal connected to an inverting 
or negative input of operational amplifier 152. A second terminal of switch 160 is 
connected to a first electrode of each of capacitors 154, 156 and 158 and to a first terminal 
of a switch 162 at a common node. A second terminal of switch 162 is connected to an 
20 analog ground terminal labeled V A g- A positive or non-inverting input of operational 
amplifier 152 is connected to V A g- A second electrode of capacitor 154 is connected to a 
first terminal of a switch 164. A second terminal of switch 164 is connected to an input 
for receiving the analog input voltage, Vi N . A first terminal of a switch 173 is connected 
to a second electrode of capacitor 156. Switch 173 has a second terminal connected to an 
25 analog ground terminal labeled V A g- A first terminal of a switch 166 is connected to the 
second electrode of capacitor 156. A second terminal of switch 166 is connected to the 
input that receives the analog input voltage. A first terminal of a switch 168 is connected 
to the input that receives the analog input voltage, Vi N . A second terminal of switch 168 is 
connected to a first terminal of a switch 170, to a first terminal of a switch 172 and to a 
30 second electrode of capacitor 158. A second terminal of switch 170 is connected to an 
input for receiving a high reference voltage labeled V RH supplied by a user. A second 
terminal of switch 172 is connected to an input for receiving a low reference voltage 
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labeled V RL supplied by a user. A switch 174 has a first terminal connected to the second 
electrode of capacitor 158, to the second terminal of switch 168, to the first terminal of 
switch 170 and to the first terminal of switch 172. A second terminal of switch 174 is 
connected to analog ground, V A g- A switch 176 has a first terminal connected to the 
5 second electrode of capacitor 154 and a second terminal connected to an output of 
operational amplifier 152 for providing the voltage Vo The switches 162, 164, 166 and 
168 are clocked by a control signal labeled 01 which is a first phase of an oscillating clock 
signal. The switches 173, 160 and 176 are clocked by a control signal labeled 02 that is a 
second phase of the oscillating clock signal that does not overlap with the first phase. The 

10 switch 170 is clocked by a control signal labeled H02 that is selectively asserted during the 
second phase of the oscillating clock signal. In the context of an RSD stage, such as the 
RSD stage 40 of FIG. 3, of an RSD cyclical analog to digital converter, such as the 
converter 10 of FIG. 1, switch 170 is made conductive when a subtraction of a scaled +V re f 
from the 2Vin result of amplification stage 49 is needed as a result of the input signal 

15 being higher than the high switch point, V h . The switch 172 is clocked by a control signal 
labeled L02 that is selectively asserted during the second phase of the oscillating clock 
signal. In the context of the RSD stage of an RSD converter such as the converter of FIG. 
3, switch 172 is made conductive when an addition of a scaled +VW from the 2Vi N result 
of amplification stage 49 is needed as a result of the input signal being lower than the low 

20 switch point, V L . The switch 174 is clocked by a control signal labeled M02 that is 
selectively asserted during the second phase of the oscillating clock signal. In the context 
of the RSD stage of an RSD converter such as the converter of FIG. 3, switch 174 is made 
conductive when no addition or subtraction of a reference voltage to the 2Vi N result of 
amplification stage 49 is needed as a result of the input signal being between the high 

25 switch point V h and the low switch point V L . Only one of switch 168, 170 and 174 is 
conductive during the second clock phase of the oscillating clock signal. Capacitors 154, 
156 and 158 and switches 160, 162, 164, 166, 168, 170, 172 and 176 form a switched 
capacitor network 151. Switches 160, 162, 164, 166, 168, 170, 172 and 176 may be 
implemented as transistor switches, including for example, CMOS transmission gates that 

30 are complementary conductivity parallel transistors that are controlled by complementary 
clock signals. 

[0072] In operation, circuit 150 functions as a double gain amplification circuit that scales 
a reference voltage V RH and adds or subtracts a scaled V RH . The V RH and the V RL are 
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reference voltages supplied by a user that can be beyond the specified operational range of 
the circuit 150. It is possible that V RH may be greater than the operating voltage of the 
circuit 150 and that V RL may be below ground potential and therefore less than the 
operating voltage of the circuit 150. Other exemplary values of V RH and V RL are V D d and 
5 ground, respectively. A scaled version of an analog input signal V IN is received at the first 
terminals of switches 164, 166 and 168. The input signal has been scaled by circuitry (not 
shown) such as the sample and hold circuit of FIG. 2. The scaling was to a voltage that 
complies with the operating specifications of operational amplifier 152. Assume that in 
the first clock phase that all switches that are controlled by 01 are closed or conductive, 
10 and that all switches that are controlled by 82 are open or nonconductive. The purpose of 
circuit 150 is to receive the scaled Vi N signal, multiply the scaled Vi N signal by two and 
either add a scaled V RH , subtract a scaled V RH or pass the input signal that has been 
doubled without additional modification. 

[0073] For purposes of explanation, assume that the input signal has been scaled by fifty 

15 percent so that it fits within the operational range of the operational amplifier 152. 
Assume that V RH is the full range of the unsealed Vin signal and that V RL is ground 
potential. A scaling factor of 0.5 therefore exists. In other words, the a in the scaling 
factors for capacitors 156 and 158 is therefore 0.5. During the first phase, switches 164, 
166 and 168 are conductive and the input voltage Vim is sampled onto each of capacitors 

20 154, 156 and 158. Switches 170, 172, 173, 174, 160 and 176 are non-conductive. Switch 
162 is conductive. During the second phase, the conductivity of these switches reverses. 
As a result, the input of capacitor 154 is connected to the output of operational amplifier 
152 through switch 176 thus bringing the output of the amplifier to the scaled V IN . When 
capacitor 154 was switched to the output through switch 176, it now acts as a feedback 

25 capacitor around the operational amplifier 152 to cancel any charge changes on capacitors 
156 and 158. A voltage transfer of Vi N occurs on capacitor 156 by the electrical shorting 
of capacitor 156 via switch 173 to ground. To cancel this charge transfer, the output of 
operational amplifier 152 must go up by a (V^) or 0.5 VfN. Therefore, at the output of 
operational amplifier 152 there is Vi N plus 0.5 V 1N . One of three circuit conditions may 

30 result in connection with the charge transferred onto capacitor 158. First, if there is no 
addition or subtraction of the scaled V RH to the doubling of Vi N , switch 174 is closed and 
switches 170 and switches 172 are left open by control circuitry (not shown). With switch 
174 closed, a voltage transfer of Vi N occurs on capacitor 158 by the electrical shorting of 
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capacitor 158 via switch 174 to ground. To cancel this charge transfer, the output of 
operational amplifier 152 must goes up by (1-a) (V iN ) or 0.5 Vi N . Therefore, the total 
resulting voltage at the output of operational amplifier 152 is 2V IN . This is the desired 
result when the input voltage Vi N is between the high switch point, V h , and the low switch 
5 point, V Ls of the 1.5 bit quantizer 41 of FIG. 3. Second, if a subtraction of a scaled +V RH 
from the 2V IN is needed as a result of the input signal being higher than the high switch 
point, then switch 170 is made conductive and switches 172 and 174 are made 
nonconductive by the same control circuitry (not shown). With switch 170 closed, a 
charge transfer of V RH -Vi N is pushed onto capacitor 158. Because the input signal was 

10 scaled by a factor of two (i.e. reduced by 50 percent), the scaled V RH that is to be 
subtracted from 2Vi N at the output of the operational amplifier 152 is one-half the size of 
V RH . For purposes of explanation, assume that the scaled Vrh is referred to as V RscaIe d- So 
the charge that is pushed onto capacitor 158 can be rewritten as [V Rsca i e d - Vim] + V Rsca i e d. 
To cancel this charge transfer, the output of operational amplifier 152 must go down by 

15 a ([V Rsca ied - V IN ] + V Rsca ied). This circuit configuration results in a total voltage at the 
output of V IN (contributed by capacitor 154) + 0.5 Vi N (contributed by capacitor 156) - 
0.5([V Rsca ied - V IN ] + V Rsca ied) (contributed by capacitor 158 through switch 170). This 
value results in 2Vi N -V Rscale d. 

[0074] Third, if an addition of a scaled +V RH to the 2Vi N is needed as a result of the input 
20 signal being lower than the low switch point V L of the 1.5 bit quantizer 41 of FIG. 3, then 
switch 172 is made conductive and switches 170 and 174 are made nonconductive by the 
same control circuitry (not shown). With switch 172 closed, a voltage of V RL - Vi N is 
pushed onto capacitor 158. This charge transfer can be rewritten as a charge of a -V RH - 
Vin being pushed onto capacitor 158 by substituting a (-V RH ) for V RL . This substitution 
25 can be made because V RH is the same potential above the operational midpoint as Vrl is 
below the operational midpoint. Because the input signal was scaled by a factor of two 
(i.e. reduced by 50 percent), the scaled Vrh that is to be added to 2Vi N at the output of the 
operational amplifier 152 is one-half the size of V RH . For purposes of explanation, assume 
that the scaled V RH is referred to as V Rsca ied. So the voltage that is pushed onto capacitor 
30 158 can be rewritten as [-V RsC aied - Vi N ] - V Rsca ied. To cancel this charge transfer, the output 
of operational amplifier 152 must go up by -(l-a)([-V Rsca i e d - Vi N ] - V Rsca i e d). This results 
in a total voltage at the output of Vi N (contributed by capacitor 154) + 0.5 V !N 
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(contributed by capacitor 156) - 0.5([V Rsca i e d - Vi N ] - V Rsca i e d) (contributed by capacitor 
158 through switch 172), This value results in 2V| N +V Rsca , e d. 

[0075] Therefore, circuit 150 functions to double the gain of a received analog input 
signal and add or subtract a scaled V RH to the amplified signal where the scaling is by a 
5 factor of one or less. One use of such an output signal is in an RSD stage of an A/D 
converter. However, scaled reference voltages of V RH and V RL that typically are required 
to be separately generated with additional, power-consuming circuitry did not have to be 
generated for use with circuit 150. 

[0076] To better understand the operation of circuit 150 described above, a review of 
10 charge transfer equations associated with charge transfer within circuit 150 will be 
provided. During even (e) clock phases, i.e. phases 0, 2, 4, etc. the change in charge of 
each of capacitors 154, 156 and 158 may be represented as: 

AQ C 154 = C((V 0 e -V x e ) - (Vi°-0)z- 1/2 ) = CVo e -CV x e -CVi°z- 1/2 

AQ C ,56 = aC((0-V x e ) - (Vi 0 -0)z- ,/2 ) = - aCV x e - aCViV 1 ' 2 

15 AQ C ,58 = (l-a)C((V RH -V x e ) - (Vi°-0)z- 1/2 ) = (1 - a)CV RH - (1 - a)CV x e - 

(l-a)CVi°z" 1/2 

By the law of charge conservation: 

AQ C 154 + AQ C ,56 + AQ C 156 = 0 

V 0 e = (Vi°(C + <xC + (1- a)C)z 1/2 )/C + (V RH (1 - a)C)/C + V x e (C +aC + 
20 (l-a)C)/C 
Therefore, 

V 0 e = Vi°(l+a+ 1-a) z" 1/2 - V RH (1 - a) + V x e (l+a+(l-a) 
V 0 e = 2Vi° z ,/2 - V RH (1 - a) + 2V x e 

If operational amplifier 152 is ideal, then the term V x e is zero. The term (1 - a) can be set 
25 arbitrarily so that any scaling factor from zero to one can be achieved. When switch 172 
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is active and V RL is pushed on capacitor 158, the term V RH (1 - a) becomes positive and 
can be added to twice the input voltage. The reference voltage V RL may be substituted for 
-V RH depending upon the specific MDAC operation. The term z' 1/2 represents a frequency 
domain term and indicates that the charge values represented by the equations are 
5 expressed as charge values from one-half of the immediately prior phase with respect to 
time. The term V x represents the voltage at the negative input of operational amplifier 
152. The superscript "o" indicates the voltage during an odd clock phase whereas the 
superscript "e" indicates the voltage during an even clock phase. 

[0077] It should be understood that other implementations of the feedback configuration 
10 of operational amplifier 152 may be used than the one disclosed in FIG. 10. For example, 
a conventional auto-zeroing feedback circuit may be used between the negative input of 
operational amplifier 152 and the output thereof to remove offset error voltage from the 
negative input. 

[0078] Illustrated in FIG. 1 1 is a circuit 180 that functions to double the gain of a received 

15 analog input signal and add or subtract a scaled V RH to the amplified signal where the 
scaling is by any factor including scaling factors greater than one. An operational 
amplifier 182 has an inverting or negative input, a positive or non-inverting input and an 
output for providing an output signal V 0 . A switch 190 has a first terminal connected to 
the negative input of operational amplifier 182 where a voltage V x is present. A second 

20 terminal of switch 190 is connected to a first electrode of each of capacitors 184, 186 and 
188 and to a first terminal of a switch 191. A second terminal of switch 191 is connected 
to an analog ground reference terminal, V A g- A first terminal of a switch 192 is connected 
to a second electrode of capacitor 186. A second terminal of switch 192 is connected to an 
analog ground terminal. A first terminal of a switch 194 is connected to a second 

25 electrode of capacitor 184. A second terminal of switch 194 is connected to an input 
terminal for receiving an analog input voltage Vi N . A first terminal of a switch 196 is 
connected to a second electrode of capacitor 186. A second terminal of switch 196 is 
connected to the input terminal for receiving V 1N . A first terminal of a switch 198 is 
connected to a second electrode of capacitor 188. A second terminal of switch 198 is 

30 connected to a reference voltage, V RE f, supplied by a user of circuit 180. A first terminal 
of a switch 200 is connected to the first terminal of switch 198 and the second electrode of 
capacitor 188. A second terminal of switch 200 is connected to an analog ground 
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reference voltage. A first terminal of a switch 202 is connected to the electrode of 
capacitor 184 and the first terminal of switch 194. A second terminal of switch 202 is 
connected to the output of operational amplifier 182. In the illustrated form, switches 191, 
194, 196 and 200 are made conductive during a first phase of a clock signal period and 
5 switches 190, 192 and 202 are made conductive during a second phase of the clock signal 
period. In the illustrated form, the clock signal is a logic high during the first phase and is 
a logic low during the second phase, but it should be apparent that the reverse order may 
also be implemented. Switches 198 and 200 may be implemented to be conductive during 
one of the two clock phases, but are oppositely conductive from each other. Thus in FIG. 

10 11, both clock phases are illustrated next to each of switches 198 and 200, but in opposite 
order. Capacitors 184, 186 and 188 and switches 190, 191, 192, 194, 196, 198, 200 and 
202 form a switched capacitor network 181. Switches 190, 191, 192, 194, 196, 198, 200 
and 202 may be implemented as transistor switches, including for example, CMOS 
transmission gates that are complementary conductivity parallel transistors that are 

15 controlled by complementary clock signals. 

[0079] In operation, circuit 180 also functions as a double gain amplification circuit that 
adds or subtracts a scaled V RH . The V RH and the V RL are reference voltages supplied by a 
user that can be less than the scaled input signal and therefore needs to be scaled up to the 
same level as the scaled Vi N . A scaled version of an analog input signal Vi N is received 

20 at the first terminals of switches 194 and 196. The input signal has been scaled by 
circuitry (not shown) such as the sample and hold circuit of FIG. 2. The scaling was to a 
voltage that complies with the operating specifications of operational amplifier 182. 
Assume that in the first clock phase, all switches controlled by 91 are closed or 
conductive, and that all switches controlled by 02 are open or nonconductive. The 

25 purpose of circuit 180 is to receive the scaled Vin signal, multiply the scaled Vi N signal by 
two and either add a scaled V RH , subtract a scaled V RH or pass the input signal that has 
been doubled without additional modification. 

[0080] For purposes of explanation, assume the amplitude of the scaled Vi N is within the 
operational range of operational amplifier 182. Assume also that V RH is only half the 
30 maximum amplitude of this input signal and therefore needs to be scaled up by a factor of 
2. In order to achieve this scaling factor, capacitor 188 needs to be twice as large as either 
capacitor 184 or 186. During the first clock phase, switches 194 and 196 are conductive 
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and the input voltage Vi N is sampled onto capacitors 184 and 186. Switches 190, 192 and 
202 are non-conductive. Switch 191 is conductive. During the second clock phase the 
conductivity of these switches is reversed. As a result, the input of capacitor 184 is 
connected to the output of the operational amplifier 182 through switch 202 thus bringing 
5 the output of the amplifier to Vrm. When capacitor 184 is switched to the output through 
switch 202, capacitor 184 functions as a feedback capacitor around the operational 
amplifier 182 to cancel any charge changes on capacitors 186 and 188. A voltage transfer 
of Vin occurs on capacitor 186 by the electrical short-circuiting of capacitor 186 via switch 
192 to ground. To cancel this charge transfer, the output of operational amplifier 182 must 

10 go up by V IN , because the feedback capacitor 184 is the same size as capacitor 186. 
Therefore, at the output of the operational amplifier 182, there is an output voltage of (Vi N 
+ Vin) or 2Vim. One of three circuit conditions may result in connection with the charge 
transfer onto capacitor 188. For purposes of clarity the scaled V RH voltage will be referred 
to as V Rsca ied. First, if there is no addition or subtraction of V Rsca i e d to the doubling of V !N , 

15 switch 198 and switch 200 are not active during phase 1 or phase 2. This switching 
configuration results in no additional charge contribution from capacitor 188, thus leaving 
the output at 2(Vi N ). This output voltage is the desired result when the input voltage Vi N is 
between the high switch point, V H , and the low switch point, V L , of the 1.5 bit quantizer 
41 of FIG. 3. Second, if a subtraction of a V Rsca i e d, from the 2Vi N is needed as a result of 

20 the input signal being higher than the high switch point V H , then switch 200 is active 
during phase 1 and switch 198 is active during phase 2. This switching configuration 
results in a voltage of V RH being pushed onto capacitor 188 during phase 2. To cancel this 
charge transfer, the output of the operational amplifier 182 must go down by a factor of 
two because capacitor 188 is twice as big as the feedback capacitor 184. This circuit 

25 configuration results in a total voltage at the output of operational amplifier 182 of V IN 
(contributed by capacitor 184) + V rN (contributed by capacitor 186) - 2V RH (contributed by 
capacitor 188). Because V RH is one-half the size of V Rsca i e d, the value results in 2Vcsf - 
V Rsca ied> which is the desired result. 

[0081] Third, if an addition of a scaled reference voltage, V Rsca ied, to the 2(Vi N ) signal is 
30 needed as a result of the input signal being lower than the low switch point, V L , of the 1.5 
bit quantizer 41 of FIG. 3, then switch 198 is conductive and switch 200 is not conductive 
during phase 1 while conversely switch 200 is conductive and switch 198 is not 
conductive during phase 2. This switching configuration results in a voltage of V RH being 
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pulled from capacitor 188 during phase 2. To replace this charge transfer, the output of 
the operational amplifier 182 must go up by a factor of two because capacitor 188 has a 
capacitive value that is twice as big as the capacitive value of feedback capacitor 184. 
This circuit configuration results in a total voltage at the output of operational amplifier 
5 182 of Vin (contributed by capacitor 184) + Vi N (contributed by capacitor 186) + 2V RH 
(contributed by capacitor 188). Because V RH is one-half the voltage magnitude of V Rsca i e d, 
the output is 2Vi N + V Rsca i e d 5 which is the desired result. Therefore, it has been 
demonstrated that circuit 180 functions to scale the received reference voltage V RE f by 
scaling factors from any value ranging from zero and above, including greater than one. 

10 [0082] To better understand the operation of circuit 180 described above, a review of 
charge transfer equations associated with charge transfer within circuit 180 will be 
provided. During even (e) clock phases, i.e. phases 0, 2, 4, etc. with switch 198 
conductive and switch 200 nonconductive, the change in charge of each of capacitors 184 
(capacitor CI), 186 (capacitor C2) and 188 (capacitor C3) may be represented as: 

15 AQ cl = CiV 0 e -CiV x e -CiVi°z 1/2 

AQ c2 = C 2 V x e - C 2 ViV ,/2 

AQ C 3 = C 3 ((V RH -V x e ) - 0) = C 3 V RH - C 3 V x e 

or during odd clock phases, i.e. phases 1, 3, 5, etc. with switch 200 conductive and switch 
198 nonconductive, the change in the charge of capacitor C3 (capacitor 188) may be 
20 represented as: 

AQ c3 = C 3 ((0-V x e ) - (V RH - 0)) = -C 3 V RH - C 3 V x e . 

By the law of charge conservation: 

AQci + AQ c2 + AQ c3 =0 

V 0 e = Vi°z w ((Ci + C 2 )/C0 +(-) (C 3 /C,)V RH + V x e ((d + c 2 + c 3 )/co 
25 Therefore, 

V 0 e = Vi°z- 1/2 ((1 + C2/C1) +(-) (C 3 /C,)V RH + V x e (l + C 2 /C, + C3/C1) 



If operational amplifier 182 is ideal, then V x e is equal to zero. 
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V 0 e = Vi° z ,/2 (l+ C 2 /C0 +(-) (C 3 /C,)V RH 

From the equation above, it is clear that the second term which is added or subtracted from 
the first term may be set independently of the values of C\ and C 2 . 

[0083] Illustrated in FIG. 12 is a circuit 150' that has a switched capacitor network that is 
5 user-programmable for permitting a user to program the scaling factor of the reference 
voltage to be one of a predetermined number of possible scaling factors. For convenience 
of illustration, elements that are common between circuit 150' and circuit 150 of FIG. 10 
are identically numbered. Capacitor 156 is made variable in capacitive value by a control 
circuit 290 and capacitor 158 is made variable in capacitive value by a control circuit 292. 

10 Control circuit 290 has a multiple number of control inputs, either digital bits or signals, 
labeled "dO", "dl"...."dn". The capacitive value of capacitor 156 depends upon which of 
the "dn" bits or signals are asserted. Therefore, the capacitive value of capacitor 156 can 
vary between any of 2 n values from a minimum capacitive value to a maximum to 
implement in combination with capacitors 154 and 158 a desired scaling factor for the 

15 high reference voltage or the low reference voltage. Various methods of user control can 
be used. For example, one or more integrated circuit pins may be used, processor 
instruction execution control may be used, or stored control values in a memory or other 
storage device may be used. 

[0084] Illustrated in FIG. 13 is a circuit 180' that has a switched capacitor network that is 
20 also user-programmable for permitting a user to program the scaling factor of the 
reference voltage to be one of a predetermined number of possible scaling factors. For 
convenience of illustration, elements that are common between circuit 180' and circuit 180 
of FIG. 11 are identically numbered. Capacitor 188 is made variable in capacitive value 
by a control circuit 294. Control circuit 294 has a multiple number of control inputs, 
25 either digital bits or signals, labeled "dO", "dl"...."dn". The capacitive value of capacitor 
188 depends upon which of the "dn" bits or signals are asserted. Therefore, the capacitive 
value of capacitor 188 can vary between any of 2 n values from a minimum capacitive 
value to a maximum to implement in combination with capacitors 184 and 188 a desired 
scaling factor for the high reference voltage or the low reference voltage. As with circuit 
30 150', various methods of user control can be used. For example, one or more integrated 
circuit pins may be used, processor instruction execution control may be used, or stored 
control values in a memory or other storage device may be used. It should be noted that 
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the capacitive values of capacitors 154, 156, 158, 184, 186 and 188 required to implement 
the functions described herein may be sufficiently small enough to be integrated onto an 
integrated circuit without consuming a large amount of die area. The ratios of the 
capacitive values, in addition to the capacitive values, determine the desired scaling. 

5 [0085] By now it should be apparent that there has been provided methods and circuits for 
optimizing reference voltage generation for cyclic and pipelined A/D converter 
architectures. By eliminating a need to use a reference voltage scaling circuit to provide a 
reference voltage for a cyclic A/D converter, a number of advantages are achieved. For 
example, resistor dividers are commonly used to scale reference voltages used for data 

10 converters. Such resistors are a source of error as the values of the resistors varies 
significantly with respect to processing and temperature. These errors result in gain and 
offset error within an A/D converter. Eliminating such resistor divider circuitry also 
provides a significant savings in integrated circuit size and in power consumption. Also, 
elimination of additional integrated circuit pins may occur in some designs where large 

15 valued capacitors were required to be implemented external to the integrated circuit to 
implement the desired scaling. Therefore, there has been provided a compact circuit 
solution for amplifying an analog input signal by a desired amount while adding a scaled 
reference voltage derived from a received full-scale reference voltage. Since the scaling 
factor is adjustable by a user or a programmer of the circuit, the circuitry is readily 

20 adaptable for a variety of circuit applications, such as for example in an RSD section of a 
cyclic A/D converter. Additionally, gain error and offset error of the A/D converter is 
significantly reduced by using a switched capacitor network and operational amplifier as 
described herein. 

[0086] In one form there has been provided an analog-to-digital converter (ADC). An 
25 amplifier has an input and an output. A switched capacitor network is coupled to the input 
of the amplifier and is coupled to receive an analog input signal and a plurality of 
reference input signals input to the ADC. The switched capacitor network has a plurality 
of capacitors and switches, each of the plurality of capacitors being coupled to receive at 
least one of the analog input signal or the reference input signals. The amplifier and 
30 switched capacitor network are configured to scale at least one of the plurality of reference 
input signals by a predetermined scale factor, the predetermined scale factor being 
determined at least in part by capacitance values of the switched capacitor network. The 
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amplifier and switched capacitor network is further configured to provide an output signal 
comprising a predetermined gain of the analog input signal adjusted by the predetermined 
scale factor of the at least one of the plurality of reference input signals. The plurality of 
reference input signals includes a first reference input signal and a second reference input 
5 signal. The switched capacitor network has a first capacitor controllably coupled to 
receive the analog input signal. A second capacitor is controllably coupled to alternately 
receive the analog input signal or the first reference input signal. A third capacitor is 
controllably coupled to receive at least one signal of the analog input signal or the second 
reference input signal. Capacitance of the first capacitor is designed to be substantially 

10 equal to a sum of designed capacitances of the second and third capacitors. The designed 
capacitances of the second and third capacitors are substantially equal. The designed 
capacitances of the second and third capacitors are substantially equal. The third capacitor 
is further controllably coupled to the first reference input signal and a third reference input 
signal. The third capacitor is coupled to the analog input signal during a first clock phase 

15 and is coupled to the second reference input signal during a second clock phase when the 
analog input signal is within a first signal range. The third capacitor is coupled to the first 
reference input signal during a second clock phase when the analog input signal is within a 
second signal range, and the third capacitor is coupled to the third reference input signal 
during the second clock phase when the analog input signal is within a third signal range. 

20 The first capacitor is coupled to the analog input signal during the first clock phase. The 
second capacitor is coupled to the analog input signal during the first clock phase and to 
the first reference input signal during the second clock phase. The first signal range 
includes voltage potentials higher than voltage potentials of the second signal range and 
the third signal range, and the third signal range includes voltage potentials lower than 

25 voltage potentials of the first signal range and the second signal range. The predetermined 
gain is negative when the analog input signal is in the first signal range, and the 
predetermined gain is positive when the analog input signal is in the third signal range. 
The third reference input signal has a higher potential than potentials of the first and 
second reference input signals. The first capacitor is controllably coupled to receive a 

30 feedback signal from the output of the amplifier. At least one of the first reference input 

signal or the second reference input signal is a power supply signal. In one form, the first 

reference input signal and the second reference input signal are both ground signals. The 

third capacitor is further controllably coupled to the first reference input signal but not 

connected to the analog input signal. In another form the first capacitor is coupled to the 
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analog input signal during a first clock phase and the second capacitor is coupled to the 
analog input signal during the first clock phase. The second capacitor is coupled to the 
first reference input signal during a second clock phase. The third capacitor is coupled to 
the first reference input signal during a first selected one of the first clock phase or the 
5 second clock phase, and the third capacitor is coupled to the second reference input signal 
during a second selected one of the first clock phase or the second clock phase. The first 
capacitor is coupled to a feedback signal from the output of the amplifier during a second 
clock phase. In one form there is further included first and second switches, wherein the 
third capacitor is controllably coupled to the first reference input signal or the second 

10 reference input signal depending on conductive states of the respective first and second 
switches. A control circuit selects a first set of states of the first and second switches 
during a first clock phase and alternately selects a second set of states of the first and 
second switches during the first clock phase. Within an integrated circuit, the 
predetermined scale factor is selectable after power is provided to the integrated circuit, 

15 the predetermined scale factor being selectable from a range of scale factors including a 
scale factor of one. There is also provided at least one RSD stage, each of the at least one 
RSD stage having a respective amplifier and a switched capacitor network. In another 
form there is a plurality of ADC stages coupled in series, each of the plurality of ADC 
stages including a respective amplifier and a switched capacitor network. In one form the 

20 ADC is a cyclic analog-to-digital converter (ADC) and wherein each ADC stage is a 
redundant signed digit (RSD) stage. A plurality of multiplying digital to analog converters 
(MDACs) is provided in another form, each of the plurality of ADC stages including a 
respective one of the plurality of MDACs, each of the plurality of MDACs including a 
respective amplifier and switched capacitor network. In another form there is 

25 implemented a multiplying digital to analog converter (MDAC), the MDAC including the 
amplifier and the switched capacitor network. 

[0087] In another form there is provided a processing and scaling circuit. An amplifier 
has an input and an output, the amplifier having operational range within a power supply 
range. A switched capacitor circuit is coupled to the input of the amplifier and the output 
30 of the amplifier. The switched capacitor circuit has an analog signal input node for 
receiving an analog signal. A reference input node receives a reference signal capable of 
having a value outside the operational range of the amplifier. A plurality of capacitance 
elements is provided, each of the plurality of capacitance elements being controllably 
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coupled to at least one of the analog signal input node or the reference input node and 
being controllably coupled to the input of the amplifier. The amplifier and switched 
capacitor circuit is responsive to receiving the analog signal and the reference signal and 
scales the reference signal by a predetermined scale factor to provide a scaled reference 
5 signal within the operational range of the amplifier. The analog signal is processed to 
provide an output signal having a predetermined gain of the analog signal adjusted by the 
predetermined scale factor of the reference signal. The switched capacitor circuit further 
includes first, second and third capacitors, each having first and second terminals. A first 
switch is coupled between the first terminal of the first capacitor and the analog signal. A 

10 second switch is coupled between the first terminal of the second capacitor and the analog 
signal input node. A third switch is coupled between the first terminal of the second 
capacitor and a first power supply signal terminal. A fourth switch is coupled between the 
first terminal of the third capacitor and the reference input node. The first and second 
capacitors are coupled to receive the analog signal and the third capacitor is not coupled to 

15 receive the analog signal. A fifth switch is coupled between the input of the amplifier and 
at least one of the second terminals of the first, second and third capacitors. A sixth switch 
is coupled between the first power supply signal terminal and at least one of the first 
terminals of the first, second and third capacitors. The first, second and sixth switches are 
controlled to close the first, second and sixth switches during a first clock phase. The third 

20 and fifth switches are controlled to close the third and fifth switches during a second clock 
phase. A seventh switch is coupled between the first terminal of the third capacitor and 
the first power supply signal terminal. The seventh switch is controlled to close the 
seventh switch during a first selected one of the first clock phase and the second clock 
phase. The fourth switch is controlled to close the fourth switch during a second selected 

25 one of the first clock phase and the second clock phase. The switched capacitor circuit 
further includes first, second and third capacitors, each having first and second terminals. 
A first switch is coupled between the first terminal of the first capacitor and the analog 
signal. A second switch is coupled between the first terminal of the second capacitor and 
the analog signal input node. A third switch is coupled between the first terminal of the 

30 third capacitor and the analog signal input node. A fourth switch is coupled between the 

first terminal of the second capacitor and the first power supply signal terminal. A fifth 

switch is coupled between the first terminal of the third capacitor and the reference input 

node. A sixth switch is coupled between the input of the amplifier and at least one of the 

first terminals of the first, second and third capacitors. A seventh switch is coupled 
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between the first power supply signal terminal and the at least one of the first terminals of 
the first, second and third capacitors. The sixth and fourth switches are controlled to close 
the sixth and fourth switches during a first clock phase. The first, second, third and 
seventh switches are controlled to close the first, second, third and seventh switches during 
5 a second clock phase. The reference signal is a first reference signal. An eighth switch is 
coupled between the first terminal of the third capacitor and a second reference signal 
terminal. The fifth switch is controlled to close the fifth switch during the first clock 
phase when the analog signal is in a first range. The eighth switch is controlled to close 
the eighth switch during the first clock phase when the analog signal is in a second range. 

10 A second reference signal is coupled to the second reference signal terminal has a lower 
potential than the first reference signal. The first range includes higher voltage potentials 
than the second range. A ninth switch is coupled between the first terminal of the third 
capacitor and the first power supply signal terminal, wherein the ninth switch is controlled 
to close during the first clock phase when the analog signal is in a third range, the third 

15 range including potentials lower than the first range and higher than the second range. 
The second reference signal and the power supply signal are coupled to ground potential. 
The switched capacitor circuit further includes a feedback input node coupled to receive 
an amplifier feedback signal, and the first terminal of the first capacitor is controllably 
coupled to alternately receive the analog signal and the amplifier feedback signal. The 

20 predetermined scale factor is selected from a range of scale values including a scale value 
of one. The reference signal is one of a plurality of reference signals, the plurality of 
reference signals including a maximum power potential and a minimum power potential. 
In one form the minimum power potential is ground potential. The reference signal is one 
of at least three reference signals, the at least three reference signals includes a maximum 

25 reference signal, a minimum reference signal, and middle reference signal, the middle 
reference signal being at a potential between potentials of the maximum and minimum 
reference signals. The reference signal is one of a plurality of reference signals, the 
plurality of reference signals including first and second voltage signals configured for 
derivation from a bandgap voltage. There is provided in one form first and second power 

30 supply inputs, wherein the amplifier is coupled to receive first and second power supply 

signals, and the reference signal is one of the first and second power supply signals. In a 

system for analog- to-digital conversion, there is also provided a method for processing an 

analog signal. An analog signal is received at an analog-to-digital conversion (ADC) 

stage. An unsealed reference signal is received at the ADC stage. A scaled reference 
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signal is generated from the unsealed reference signal by a switched capacitance and 
amplification circuit of the ADC stage. A processed signal is generated and output from 
the analog signal and the scaled reference signal by alternately coupling the analog signal 
and the unsealed reference signal to capacitors of the switched capacitance and 
5 amplification circuit. There is also provided a method of scaling a signal for use by a data 
converter. An input signal having a first operating range of voltages is received. A 
reference potential is received. The input signal and the reference potential are provided 
to a switched capacitor network having switched capacitors and an amplifier. The 
reference potential is scaled by a predetermined scale factor determined by capacitive 

10 values within the switched capacitor network to provide a scaled reference signal within a 
second operating range of voltages. The input signal is processed with the switched 
capacitor network to provide an output signal having a predetermined gain of the input 
signal adjusted by the scaled reference signal. The first operating range of voltages 
corresponds to a range between two power supply potentials and voltages of the second 

15 operating range are substantially within the first operating range. The data converter in 
one form includes an analog-to-digital converter (ADC) and the input signal is an analog 
signal. The analog signal is converted to a digital signal using the scaled reference signal. 
In one form a user of the data converter is able to programmably control the predetermined 
scale factor. 

20 [0088] While at least one exemplary embodiment has been presented in the foregoing 
detailed description, it should be appreciated that a number of variations exist. For 
example, any type of semiconductor switching device may be used to implement the 
switches and various semiconductor structures may be used to implement the capacitors. 
The circuitry may be implemented in bipolar, MOS, GaAs and other semiconductor 

25 technologies. Various circuits may be used to implement the differential or operational 
amplifiers described herein. Any voltage values may be used for reference voltages, 
reference terminals and power supply voltages and terminals. The nonoverlapping control 
signals that are used to clock or control the switches may be generated for use with other 
circuitry or derived from other clock signals. It should also be appreciated that the 

30 exemplary embodiments are only examples, and are not intended to limit the scope, 
applicability, or configuration of the invention in any way. Rather, the foregoing detailed 
description will provide those skilled in the art with a convenient road map for 
implementing the exemplary embodiment or exemplary embodiments. It should be 
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understood that various changes can be made in the function and arrangement of elements 
without departing from the scope of the invention as set forth in the appended claims and 
the legal equivalents thereof. 
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